Accumulating evidence has suggested an interaction between endometriotic cells and macrophages in the endometriotic microenvironment and the potential role of this interaction in the pathogenesis of endometriosis. However, how endometriotic cells communicate with macrophages to influence their function is poorly understood. In the present study, we found that the mRNA expression and production of CC chemokine ligand 2 (CCL2) were much higher in human endometriotic epithelial cells (11Z and 12Z) than those in human endometrial epithelial cells (HES). The inhibition of CCL2 action using neutralizing antibodies substantially suppressed macrophage migration induced by endometriotic epithelial cells. The endometriosis-associated macrophages (EAMs), which are the macrophages that are stimulated by the conditioned medium (CM) of human endometriotic cells, highly expressed the M2 phenotype markers (MRC1 and TREM2). In addition, the CM of EAMs significantly increased cell migration in 12Z cells, but no significant change was observed in cell growth. RT-PCR and antibody array analyses revealed that EAMs highly express and produce interleukin (IL) 6 compared to macrophages stimulated by the CM of HES cells. Moreover, the EAM-CM-induced migration and MMP2/9 expression in endometriotic cells were significantly attenuated by IL6 signaling inhibition. These results suggest a reciprocal activation of macrophages and endometriotic cells via the soluble factors CCL2 and IL6, which may contribute to the development of endometriosis.
Introduction
Endometriosis is a chronic inflammatory disease characterized by the presence of endometrial implants outside the uterus, primarily on the pelvic peritoneum and ovaries [1, 2] . This disorder is a common cause of pelvic pain and accounts for more than 20% of all cases of infertility in women [3] . Proliferation, adhesion, and migration of ectopic endometrial tissue are required to establish endometriotic lesions in the peritoneal cavity [4] [5] [6] [7] . Accumulating evidence suggests that the levels of various soluble factors, such as cytokines, chemokines, and growth factors, in the peritoneal fluid and endometriotic lesions are aberrant in women with endometriosis, and these factors are associated with the pathogenesis of the disease [8] .
Numerous studies have demonstrated marked increases in macrophage populations and activity in the peritoneum and lesions in endometriosis patients [9] [10] [11] . Although macrophages play a key role in the homeostasis of the peritoneal environment, they have been demonstrated to mediate inflammation and facilitate the establishment and progression of endometriosis [12, 13] .
Macrophages have remarkable plasticity, and in response to local microenvironmental signals, they undergo differential activation, including classical activation (M1) and alternative activation (M2) [14] . In cancer, tumor-associated macrophages closely resemble the "alternative" M2 phenotype macrophages and have been widely associated with the induction of angiogenesis, the enhancement of metastasis and tumor growth, and a poor prognosis [15] . Endometriosis, although not neoplastic, has been suggested to share several features with malignant cells, such as proliferation, migration, and invasion [5] , suggesting a potential role of M2 macrophages in endometriosis. Accordingly, macrophages with M2 phenotypes were found to be increased in the peritoneal fluid and endometriotic tissues of patients and rhesus macaques with endometriosis [10, 12] . Additionally, M2 macrophages were shown to be required for the growth and vascularization of lesions in a mouse endometriosis model [10] .
Although numerous studies have suggested a potential role of macrophages in the pathogenesis of endometriosis, the exact mechanism of the actions of the macrophages is poorly understood. In the present study, we investigated the reciprocal activation of endometriotic cells and macrophages via soluble factors.
Materials and methods

Materials
Dulbecco modified Eagle medium (DMEM), Rowell Park Memorial Institute (RPMI) 1640, fetal bovine serum (FBS), penicillin, and streptomycin were obtained from Life Technologies, Inc. (Grand Island, NY, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) was purchased from Molecular Probes Inc. (Eugene, OR, USA). Crystal violet and dimethylsulfoxide were purchased from Sigma-Aldrich (St. Louis, MO, USA). RNA extraction kit was purchased from Intron Biotechnology (Seoul, South Korea). A RayBio Human Angiogenesis Antibody Array G Series 1000 assay was purchased from RayBiotech Inc. (Norcross, GA, USA). CC chemokine ligand 2 (CCL2), mannose receptor C-type 1 (MRC1), triggering receptor expressed on myeloid cells 2 (TREM2), matrix metalloproteinase2 (MMP2), matrix metalloproteinase9 (MMP9), interleukin 6 (IL6), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) oligonucleotide primers were purchased from Bioneer Technology (Seoul, South Korea). Antimouse IgG was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). CCL2 and interleukin 6 receptor (IL6R) blocking antibody were purchased from Abcam (Cambridge, MA, USA). AG490, a janus kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) inhibitor, was purchased from Calbiochem (La Jolla, CA, USA).
Cell cultures
Immortalized human endometriotic epithelial cells (11Z and 12Z) and stromal cells (22B) [5] and immortalized human endometrial epithelial cells (HES) and human endometrial stromal cells (HESC) [16, 17] were maintained in DMEM supplemented with 5% FBS, 100 U/ml penicillin G, and 100 μg/ml streptomycin in a humidified atmosphere of 5% CO 2 -95% air at 37
• C. The endometriotic cells were generously provided by Dr Starzinski-Powitz (Johann-WolfgangGoethe-Universitaet, Germany 
Transwell migration assay
In vitro transwell migration assay was performed using a transwell unit (8-μm pore size) with polyvinylpyrrolidone-free polycarbonate filters. In Figures 1 and 2 
Western blot analysis
For total cell protein extracts, 12Z cells were washed with icecold phosphate buffered saline (PBS) and extracted in protein lysis buffer (Intron Biotechnology, Seoul, South Korea). Protein concentrations were determined using a Bradford assay. The total protein (30 μg) was resolved using a 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gel, electro The macrophages were allowed to migrate for 12, 24, and 48 h. Representative images of three independent experiments are shown. One-way ANOVA was performed to determine statistically significant differences. * P < 0.05 compared with HES-CM at the given time.
transferred onto polyvinylidene fluoride membranes and blocked with 5% nonfat dry milk for 1 h in Tris-buffered saline (Boster Biological Technology, Ltd, Wuhan, China). The membranes were incubated with primary antibodies (1:1000) overnight at 4
• C. Primary antibody for MMP2 (4022S) was obtained from Cell Signaling Technology (Beverly, MA, USA). Primary antibodies against MMP9 (sc-393859), MRC1 (sc-376108), and TREM2 (sc-373828) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The membranes were washed with PBS, containing 5% nonfat milk and 0.1% Tween-20, and were subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G antibody. Finally, the membranes were incubated with enhanced chemiluminescence reagents (EMD Millipore, Billerica, MA, USA) and exposed to Image Quant LAS-4000 (Fujifilm Life science, Tokyo, Japan).
RNA isolation and real-time reverse transcription polymerase chain reaction (RT-PCR) analysis
The cellular RNA was extracted using the Easy Blue R kits (Introgen Biotechnology, Seoul, South Korea) according to the manufacturer's instructions. Total RNA was reverse transcribed into first-strand cDNA (Amersham Pharmacia Biotech, Oakville, ON, Canada) following the manufacturer's procedure. The synthesized cDNA was used as a template for polymerase chain reaction (PCR) amplification. Real-time PCR was performed using Thermal Cycler Dice Real Time PCR System (Takara, Tokyo, Japan). The primers used for SYBR Green real-time RT-PCR were as follows: for CCL2 sense primer, 5 -GCT CAT AGC AGC CAC CTT CA -3 , and antisense primer 5 -GGA CAC TTG CTG CTG GTG AT-3 ; for MRC1 sense primer, 5 -ACC TCA CAA GTA TCC ACA CCA TC-3 , and anti-sense primer 5 -CTT TATCA CCA CACAAT CCT C-3 ; for TREM2 sense primer, 5 -TTG CCC CTA TGA CTC CAT GA-3 , and anti-sense primer 5 -CGC AGC GTA ATG GTG AGA GT-3 ; for MMP2 sense primer, 5 -ACC GCG AGA AGT ATG GC-3 , and anti-sense primer 5 -CCA CTT GCG GTC ATC AT GT-3 ; for MMP9, sense primer, 5 -CGA TGA CGA GTT GTG GTC CC-3 , and anti-sense primer 5 -TCG TAG TTG GCC GTG GTA CT-3 ; for IL6 sense primer, 5 -CGA TGC TAA ACG TCA CAT TGT GCA-3 , and anti-sense primer 5 -CTC CAG AGC AGA ATG AGC TAC AGA CAT-3 ; for GAPDH sense primer, 5 -GAG TCA ACG GAT TTG GTC GT-3 , and anti-sense primer 5 -TTG ATT TTG GAG GGA TCT CG-3 . A dissociation curve analysis showed a single peak. Mean cycle threshold (Ct) of the gene of interest was calculated from triplicate measurements and normalized with the mean Ct of a control gene, GAPDH.
Zymography analysis
Briefly, conditioned media were collected from 12Z cells treated with HES-AM-CM and 12Z-AM-CM. The samples were mixed with loading buffer and electrophoresed on 6% (w/v) . Upon renaturation of the enzyme, the gelatinases digest the gelatin in the gel and give clear bands against an intensely stained background. Protein standards were run concurrently and approximate molecular weights were determined by plotting the relative mobilities of known proteins.
Statistical analysis
One-way analysis of variance (ANOVA) or Student t-test was performed to determine statistically significant differences. P-values less than 0.05 were regarded as statistically significant.
Results
Endometriotic epithelial cells stimulates macrophage migration
To determine whether soluble factors from endometriotic cells contribute to macrophage recruitment in the endometriotic milieu, cell migration assay was performed with transwell insert. As shown in Figure 1A , human endometriotic epithelial cells (11Z and 12Z) significantly increased macrophage migration when compared with normal endometrial epithelial cells (HES), whereas human endometriotic stromal cells (22B) cells had no significant impact on macrophage migration. In addition, a CM of 11Z and 12Z (11Z-CM and 12Z-CM) significantly increased the number of migrating macrophages compared with the CM from HES (HES-CM; Figure 1B ). In contrast, the effect of 22B-CM on the macrophage migration did not differ from that of CM from normal endometrial stromal cells (HESC-CM). In addition, 12Z-CM showed a timedependent increase in macrophage migration ( Figure 1C ). These results suggested that endometriotic epithelial cells, but not stromal cells, may play a role in macrophage recruitment by producing and secreting some soluble factors.
CC chemokine ligand 2 secreted from endometriotic epithelial cells attracts macrophages
To identify the factors that mediate the macrophage migration by endometriotic epithelial cells, a human cytokine antibody array was used to elucidate the profile of the cytokine secreted by the endometriotic epithelial cells. As shown in Figure 2A and B, 12Z cells produced higher amounts of CCL2 and angiogenin than HES cells. CCL2 is a major inflammatory factor that is responsible for inducing macrophage recruitment to the inflammatory site [18] , while angiogenin is mainly regarded as a factor that is implicated in angiogenesis [19] . In addition, CCL2 expression was significantly higher in 11Z and 12Z endometriotic epithelial cells than in HES endometrial epithelial cells ( Figure 2C ). Thus, we further investigated whether CCL2 is associated with the macrophage migration induced by 11Z-CM and 12Z-CM. The inhibition of CCL2 action using neutralizing antibodies partially suppressed the macrophage migration induced by 12Z-CM. (Figure 2D ). These data suggest that human endometriotic epithelial cells may induce macrophage recruitment to the endometriotic milieu by regulating the expression and production of chemokine CCL2.
Macrophages stimulated by the conditioned medium of 12Z cells show an M2 phenotype and stimulate endometriotic cell migration
It has been suggested that M2 phenotype macrophages play a role in endometriosis development and progression [10, [20] [21] [22] . Therefore, we tested the hypothesis that the macrophages recruited and stimulated by the endometriotic cells, i.e. the so-called endometriosis-associated macrophages (EAMs), have an M2 phenotype. The expression levels of the representative M2 markers MRC1 (also known as CD206) and TREM2 were evaluated in 11Z and 12Z-associated macrophages (11Z-AMs and 12Z-AMs), which are macrophages stimulated by the CM of 11Z and 12Z cells, respectively. As shown in Figure 3A and B, the levels of both MRC1 and TREM2 were higher in 11Z-AMs and 12Z-AMs than those in HES-associated macrophages (HES-AMs), which were cultured in the CM of HES cells. Next, we further examined whether the EAMs, 11Z-AMs and 12Z-AMs, affect the common features of endometriotic cells, such as cell growth and migration, via a soluble factor. As shown in Figure 4A , the effect of the CM of 12Z-AM (12Z-AM-CM) on cell growth in endometriotic epithelial cells was comparable to that of the CM of HES-AMs (HES-AM-CM).
In contrast, 12Z-AM-CM significantly increased the migratory ability of endometriotic epithelial cells compared to that of HES-AM-CM in a time-dependent manner ( Figure 4B ). These results suggested that the EAMs recruited and stimulated by endometriosis may turn into M2 macrophages and interact with endometriotic cells via a soluble factor, resulting in the progression of endometriosis.
Interleukin 6 is associated with the endometriosis-associated macrophages-induced migration of endometriotic cells
Macrophages regulate a wide range of cellular responses, including inflammation and immune responses, by producing various cytokines. We analyzed cytokine production in 12Z-associated macrophages (12Z-AMs) using a human cytokine antibody array. Among the 42 cytokines tested, 12Z-AMs showed higher levels of CSF2, IL1B, and IL6 than HES-AM ( Figure 5A and B). Specifically, IL6 production in 12Z-AMs was approximately 15 times greater than that in HES-AM, while an increase in CSF2 and IL1B production was moderate (less than two-fold; Figure 5B ). Thus, we further investigated whether IL6 production in 12Z-AMs is regulated at the mRNA level using real-time RT-PCR ( Figure 5C ). The levels of IL6 mRNA were highly increased in 12Z-AMs compared to those in HES-AMs. Based on the high production of IL6 in 12Z-AMs, we examined whether IL6 mediates the 12Z-AM-CM-induced migration of endometriotic cells. As shown in Figure 6A , a specific IL6R blocking antibody significantly repressed the 12Z-AM-CMinduced migration in endometriotic 12Z cells, but it did not show a significant change in HES-AM-CM-induced migration. Considering that IL6 stimulates JAK2/STAT3 signaling via the IL6R in various human cells, including endometriotic cells [22, 23] , the effect of the JAK2/STAT3 inhibitor AG490 on 12Z-AM-CM-induced migration was examined. AG490 significantly abrogated the stimulatory effect of 12Z-AM-CM on endometriotic cell migration. These results suggested that 12Z-associated macrophages may promote endometriotic cell migration via the secretion of the inflammatory cytokine IL6.
Inhibition of interleukin 6 signaling suppressed MMP2 and MMP9 expression levels in endometriotic cells
MMP2 and MMP9, which are type IV collagenases that strongly degrade the principal component of basement membranes, play an important role in the migration and invasion of various cells, including cancer and endometriotic cells [24, 25] . Thus, we investigated whether IL6 secreted from EAMs promotes cell migration via the regulation of MMP expression in endometriotic cells. Treatment of 12Z cells with the CM of 12Z-AMs (12Z-AM-CM) increased the expression and activation of MMP2 and MMP9 compared to that with HES-AM-CM, and the increase was markedly suppressed in the presence of the IL6R blocking antibody ( Figure 7A and B) . Similarly, the IL6R blocking antibody significantly inhibited the expressions of MMP2 and MMP9 mRNA in endometriotic cells. These results suggested that IL6 from EAMs promoted the migration of endometriotic cells by regulating the transcription of MMP2/9.
Discussion
Macrophages are key regulators of the innate response to infected, injured, and neoplastic tissues. Interestingly, macrophages are present in large numbers in the peritoneum and lesions in women with endometriosis and have been suggested to be key promoters of the establishment, maintenance, and growth of endometriotic lesions [22, [26] [27] [28] . For example, Wu et al. have shown that the peritoneal fluid in women with endometriosis contains an increased number of activated macrophages that secrete a variety of cytokines and growth factors [9] . Peritoneal macrophages from women with endometriosis increased the proliferation of eutopic endometrium in vitro [29] . Shao et al. also showed that macrophages promote the invasion and growth of endometrial stromal cells [30] . In addition, in mouse and rat models, the depletion of macrophages was shown to suppress the implantation, growth, and vascularization of endometriotic tissue [10, 31] . Previously, some studies speculated that CCL2 may attract macrophages to the peritoneal environment in endometriosis only because it is a well-known chemoattractant cytokine for monocyte/macrophages and is elevated in the peritoneal fluid in women with endometriosis [32, 33] . In addition, Wang et al. suggested that RANTES is associated with progression of endometriosis by macrophage recruitment [34] . In this study, we showed direct evidence that human endometriotic epithelial cells can increase macrophage migration by upregulating CCL2. It is noteworthy that the endometriotic stromal cells did not induce a significant macrophage migration and CCL2 production (Supplementary Figure S1 ). These findings suggest that endometriotic epithelial cells play a key role in macrophage recruitment to the peritoneal cavity in patients with endometriosis by locally producing chemotactic CCL2. Macrophages are believed to be polarized into two functionally distinct forms, i.e. M1 and M2, in response to different microenvironments. M1 macrophages, which are classically activated macrophages, have high proinflammatory and antibacterial activities [35] . In contrast, M2 macrophages, which are alternatively activated macrophages, promote tissue remodeling and angiogenesis activity. Indeed, M2 macrophages have been suggested to suppress the acute inflammatory reaction, scavenge cellular debris, and may produce cytokines and growth factors that are required for tissue remodeling, while M1 macrophages with immunostimulatory activity mainly play a role in the host defense against pathogenic infections. The tissue remodeling and immunosuppressive activity of M2 macrophages have been extensively studied in many cancers [36] . Specifically, peritoneal macrophages in patients with some types of cancers, such as ovarian cancer, have been demonstrated to have an M2 phenotype and play a critical role in the pathogenesis of cancer [37] . Similarly, many studies suggested a potential role of M2 macrophages in endometriosis. Although discrepancies exist in the activation states of peritoneal macrophages in endometriosis [38] , multiple lines of evidence have suggested that M2 macrophages are increased in the peritoneum and lesions in women and rhesus macaques with endometriosis [10, 12, 21] . In addition, Bacci et al. have demonstrated that the transplantation of M2 macrophages promoted the development of endometriosis in mice. Wang et al. have suggested that combining 17b-estrdiol with TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), which is an environmental dioxin, may induce endometriosis development by promoting M2 polarization. It has been shown that co-culture with M2 macrophages significantly upregulated the proliferation of endometrial stromal cells [22] . The M2 polarization of macrophages induced by fractalkine from eutopic endometrial stromal cells has been shown to promote the invasion of endometrial stromal cells [39] . Here, we found that macrophages stimulated by endometriotic epithelial cells (EAMs) showed an M2 phenotype and promoted the migration of the endometriotic cells. Although a recent report suggested a stimulatory effect of M2 macrophages on the proliferation of endometriotic stromal cells [22] , the M2 macrophages did not affect the cell growth of endometriotic epithelial cells in this study. One possible explanation for this discrepancy is the difference between the endometriotic epithelial and stromal cells. The mechanism of the M2 polarization of the macrophages in endometriosis is poorly characterized. A study suggested that eutopic endometrial stromal cells promoted the M2 polarization of macrophage by secreting high levels of fractalkine [40] . In this study, the CM from endometriotic epithelial 12Z cells stimulated the M2 polarization of macrophage. IL4 and IL13 have been implicated in the M2 polarization [41] . Interestingly, we found that the mRNA expression and production levels of IL13 were significantly higher in 12Z cells than HES cells (Supplementary Figure S2) . In addition, 12Z cells have enhanced expression and production of IL4 compared with HES cells, although the difference in IL4 production between the cells was not statistically significant. These data suggested that IL13 and IL4 in the CM of endometriotic epithelial cells may account for the M2 polarization of macrophages. The exact involvement of IL13 and IL4 in 11Z-and 12Z-CM-induced M2 polarization and the underlying molecular mechanism remain to be further investigated.
IL6 has been found to be elevated in the peritoneal fluid and serum of women with endometriosis [42] . Keenan et al. have shown that IL6 is increased in the peritoneal fluid and macrophageconditioned media from women with endometriosis and likely correlates with the disease stage [43] . In this study, we found that 12Z-associated macrophages secrete much higher levels of IL6 than HES-associated macrophages, suggesting that endometriotic epithelial cells promote the secretion of IL6 in macrophages, which contributes to the high levels of IL6 in the peritoneal environment in endometriosis. It is noteworthy that IL6, which is usually considered a proinflammatory cytokine, was released by EAMs with the M2 phenotype. Similarly, several studies have shown IL6-producing M2 macrophages. For example, Casella et al. showed the existence of macrophages expressing IL6 along with the M2 marker MRC1 and demonstrated that these cells are immunosuppressive [44] . Indeed, IL6 is a pleiotropic cytokine, displaying both pro-and antiinflammatory activity [45] . In the present study, IL6 overproduction from EAMs significantly increased the migration of endometriotic epithelial cells. In general, the binding of IL6 to IL6R is associated with the protein gp130, thereby initiating intracellular signaling via the JAK/STAT3 pathway. In fact, we confirmed that the IL6-induced cell migration is associated with the JAK2/STAT3 pathway in endometriotic epithelial cells. This finding is in accordance with other previous findings. For instance, STAT3 is aberrantly activated in the eutopic endometrium in women with endometriosis compared with women without the disease [46] . In addition, co-culture with M2 macrophages significantly activates STAT3 in endometriotic stroma cells [22] .
Accumulating evidence suggests that MMPs, which are a family of zinc-dependent endopeptidases, are associated with the pathogenesis of endometriosis [25, 47] . Specifically, gelatinase MMP2 and MMP9, which strongly degrade collagen IV, a principal component of basement membranes, were extensively investigated [48, 49] . For example, the levels of MMP2 and MMP9 were higher in the peritoneal fluid of patients with endometriosis than those of healthy individuals [50] [51] [52] . Additionally, the expressions and activations of MMP2 and MMP9 were elevated in human endometriotic tissue [51, 53] . In this study, we have demonstrated that IL6 blocking from EAM significantly inhibited the expressions of MMP2 and MMP9, resulting in an inhibition of the migration of endometriotic cells. Although IL6-induced expressions of MMP2 and MMP9 have been reported in other cells, including cancer cells [54] [55] [56] , to the best of our knowledge, our finding is the first direct evidence in endometriotic cells.
The interactions between endometriotic cells and macrophages in the endometriotic milieu and its potential role in the pathogenesis of endometriosis have been suggested over the past several decades. However, the exact molecular and cellular mechanisms underlying the interaction are poorly understood. Our data suggest that CCL2 secreted from endometriotic epithelial cells recruits macrophages in endometriotic lesions, and the recruited macrophages (the so-called EAMs) produce high levels of IL6, which stimulates endometriotic epithelial cell migration (Figure 8 ). These findings provide advanced information regarding the need to consider the microenvironment in endometriosis.
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